Self-assembled monolayers (SAMs) decorated with photoisomerizable azobenzeneg lycosides are usefult ools for investigatingt he effecto fl igand orientation on carbohydrate recognition. However,p hotoswitching of SAMs between two specific states is characterized by al imited capacity.T he goal of this study is the improvemento fp hotoswitchable azobenzeneg lyco-SAMs.D ifferent concepts, in particular self-dilution and rigid biaryl backbones, have been investigated. The required SH-functionalized azobenzene glycoconjugates were synthesized throughamodulara pproach,a nd the respective glyco-SAMs were fabricated on Au(111). Their photoswitching properties have been extensively investigated by applying ap owerful set of methods (IRRAS, XPS,a nd NEXAFS). Indeed, the combination of tailormade biaryl-azobenzene glycosidesa nd suitable diluent molecules led to photoswitchable glyco-SAMsw ith as ignificantlye nhanced and unprecedented switching capacity.
Introduction
Many biological processes, such as cell signaling, cell recognition, and cell adhesion, are mediated by molecular interactions occurring at the cell surface, which is coveredb yalayer of diverse glycoconjugates, called the glycocalyx. [1] Therefore,e lucidation of the mechanismsthat underpin carbohydrate recognition is key to our understanding of cell surface biology.C arbohydrates are ligands of ac lass of proteins called lectins, [2] which apparentlyg overn most cell-cell interactions through specific carbohydrate-lectin interactions. For example,m any Enterobacteriaceae,s uch as Escherichia coli (E. coli) , accomplish firm adhesion to the surfaceo ft heir hostc ells through lectins, which are constituents of adhesive organelles projectingf rom the bacterial surface called fimbriae( or pili). [3] Among the most important bacterial fimbriaea re so-called type 1f imbriae, whichm ediate adhesion to terminal a-d-mannopyranoside components of the glycocalyx through the type 1-fimbrial lectin FimH. [4] Many principles of the highly complex supramolecular interactions leading to cell adhesion are still not well understood. Therefore, model systems, in particulars o-called glyco-SAMs (self-assembled monolayers), [5] have been used to mimic the glycocalyx and to allow the investigation and interrogation of carbohydrate-protein interactions on surfaces. As af irst step in this direction, we prepared glyco-SAMs derived from molecules composed of an azobenzene moiety,a na lkanethiol linker,a nd am annoside head group, and investigated them by X-ray photoelectron spectroscopy (XPS), near-edge X-ray absorption fine structure (NEXAFS), and infrared reflection-absorptions pectroscopy (IRRAS). [6] Here, photoisomerization of the azobenzene N=Nd ouble bond between two isomeric states (trans and cis) allowst he reversible reorientation of as ugar ligand,i fthe molecule is properly adsorbed on as urface. Indeed, when conjugated to an alkanethiol chain, azobenzene glycosides self-assemble into monolayers on gold (Au (111)). Utilizing the intensity change of the C(aryl)ÀO(mannoside) IR stretching band upon cis/trans isomerization (E/Z isomerization), we were able to monitor areversible,photoinduced switching of the orientation of the head group. Nevertheless,t he observedi ntensity change was small (about 4%). More recently,w es howed the importance of ligand orientation in carbohydrate-specific bacterial adhesion using an SAM of azobenzeneg lycosides containingo ligoethylene( OEG) moieties. [7] When we appliedt his systemt ob acteriala dhesion, the adhesion of type 1f imbriated E. coli was found to be greatly reduced in the cis form as compared to the trans form. Remarkably,p hotoswitching of azobenzene glycoconjugates also alters bacterial adhesion on cell surfaces. [8] Regarding the actual performance of photoswitchable glyco-SAMs, it is important to notet hat the trans-cis isomerization of the azobenzene moiety is associated with al arge spatial change and, therefore, the molecules on the surface require enough free volumet ou ndergo the process. This, however,i s in direct conflict with the nature of most SAMs, whichc onsist of denselyp acked molecules. [9] Accordingly,i no ur first study employing glycoazobenzene alkanethiolsw ithout an OEG group, less bulky alkanethiols weren eededa sd iluent molecules to achieve trans-cis isomerization of the glycoazobenzenes in SAMs (Figure 1a ). [6] On the other hand, when we switchedt ob acterial adhesion, the employedS AMs containing OEG moieties and no furtherd iluentm olecules could be used for the fabrication of photoswitchable SAMs. [7] The precise influence of the OEG groups on the switching properties of the respective glyco-SAMs is unclear.
In order to furtheri mprove the properties of photoswitchable glyco-SAMs, it is essential to understand the dependence of the switching capacity (i.e.,t he fraction of molecules undergoing photoinduced cis/trans isomerization) on the physicochemicalp roperties of the head groups and the underlying SAM. Key parameters in this regard are the rigidity of the chains incorporated into the molecules forming the SAM, their lateral density,a sw ell as their intermolecular interactions, and the free volume required for the switching of the head groups. [10, 11] Af irst approacht op rovidings ufficient free volumef or photoswitching was based on the application of nonplanar substrates such as nanoparticles. Because of the surface curvature of these particles, the adsorbed molecules have significantly more free volume thant hose on af lat surface. [10, 12] Other concepts also permite ffective photoisomerization on flat surfaces, such as the platform approach, [13, 14] whereby the size of ar ing system adsorbed on ag old surface determines the intermoleculard istances of the photoswitchable molecules mounted on this platform. This approach can be turned upside down by using bulky protecting groups,w hich provide space between the chemisorbed molecules during SAM formation and can be cleaved on the surfacea fter the adsorptionp rocess. Lahann et al. showedt hat such SAMs are stable even after the deprotection step. [15] This approach can be termed a self-diluting process (Figure 1b ). On the contrary,S AMs can also be fabricated from molecules based on rigid biphenyl backbones, leading to especially denselyp acked monolayers due to strong intermolecular p-p interactions (Figure 1c ). Counterintuitively,s uch SAMs,c onsisting of azobenzene-biphenylt hiols, for example, show excellent switching properties on surfaces. [16] Pace et al. attributed theser esultst oacooperative character of the switching process. [16] Herein, we adapt both of these approaches towards effective photoisomerization of azobenzene-containing SAMs (that is, combining Figure 1b ,c ) [15, 16] in the design of new azobenzene glyco-SAMs, with av iew to achieving improved switching behavior.B ecause of its biological importance,a zobenzene a-d-mannoside was selected as the photoswitchable carbohydrate ligand, as in our earlier work. [6, 7] Regarding the self-diluting approach, the 6-position of the mannopyranoside ring offers an ideal attachment point for ab ulky protecting group. For the fabrication of rigid SAMs, aryl-aryl cross-coupling reactions were employed to conjugate azobenzene a-dmannoside to ar igid backbone. The chemical composition and integrity of the prepared SAMs were determined by XPS, and their switching capacities were investigated using ac ombination of IRRAS and NEXAFS.
Results and Discussion

Synthesis
For the fabrication of self-diluting SAMs (see Figure 1b ), glycoazobenzene alkanethiols were required, bearingabulky protectingg roup that can be cleaved under mild conditions on the SAM surface. The primary hydroxy group of the sugar moietyi sapractical position fort he installation of ab ulky moietya si ti sa menable to regioselective reaction. In first attempts, at rityl group was selected for modificationa tt he 6-OH, but this caused problems in later steps of the synthesis. Then, a tert-butyldiphenylsilyl (TBDPS) ether was evaluated for protection of the 6-position of the sugar,w hich could be cleavedu nder mild acidic conditions or by fluoride ions. This approachw orkedv ery well, even with free d-mannose, whereby regioselectives ilylation of the 6-hydroxy group followed by protection of the secondary OH groups by acetylation furnishedt he mannoset etraacetate 2 in 74 %y ield over two steps (Scheme 1). This derivative was then converted into a mannosyl donor,t he route entailing initial selective deprotection of the anomeric position by employing ethylenediamine in amixture with acetic acid, [17] followed by base-promoted addition of the reducing sugar 3 to trichloroacetonitrile to yield Figure 1 . Three different approaches for fabricating photoswitchable glyco-SAMs from azobenzene glycoconjugates:a)cis-trans isomerization is facilitated by diluent molecules;b )conceptofs elf-dilution;c )photoswitching of rigid (biphenyl-containing) SAMs. The trans (E)-state of the azobenzene hinge is shown in blue, the cis (Z)-state in red, the green sugar residues ymbolizes a-d-mannopyranoside,and the grey oval abulkyprotecting group.
the O-mannosyl trichloroacetimidate 4, [18] bearingt he requisite bulky protecting group at C-6.
In the following mannosylation step, the hydroxy azobenzene derivative 5 served as glycosyl acceptor. It bears the aliphatic 6-acetylthio-hexanyll inker,w hichi sr equired for the fabrication of SAMs.I tw as obtained by selective nucleophilic substitution of 6-acetylthio-1-hexanesulfonate with dihydroxyazobenzene (see the Supporting Information). The Lewis-acidpromoted reaction of 4 with 5 under standard conditions [19] gave the desired mannoside 6 in excellent yield, exclusively as the a-anomer.T reatment of the protected mannoside 6 with sodium methanolate in methanolt ol iberate both the OH groups and the thiol group gave 7 in 90 %y ield. When this thiol was freshly prepared as for the fabrication of SAMs, no disulfide oxidationp roducts were present according to NMR and MS analyses. To test the feasibility of the silyl ether cleavage, 7 was submitted to standard deprotection conditions using TBAF (Scheme1)t oq uantitatively deliver the OH-free mannoside 8 (for 1 HNMR data, see the Supporting Information).
In view of the high yields and selectivities of the described reactions, the thiohexyl-modified azobenzene mannoside 7 appears to be an ideal moleculefor testing the concept of self-dilution to facilitate photoisomerization of SAMs (see below).
For the fabrication of rigid SAMs, the molecules depicted in Figure 2w ere targeted.T he two mannosides differ in the arrangemento ft he biphenyl and azo moieties relative to the sugar head group. At hird azobenzene derivativew as required, that is, al ess bulky yet still photoswitchable diluent molecule (see below). Figure 2e xemplifies the modular synthetic approach employed, where in each case complementary aryl iodides and arylboronic esters could be cross-coupled in a Suzuki reaction. [20] Furthermore, it was necessary to select an appropriate methodt of urnish the free arylthiol functional groups.I tw as found that the Newman-Kwart rearrangement could be successfully employed,i nw hich O-thiocarbamates are thermally rearranged to S-thiocarbamates by intramolecular aryl migration. The latter can be readily hydrolyzed under basic conditions to deliver the required thiophenols.
The photoswitchable mannoside 14 (Scheme 2) was selected as af irst target molecule for the rigid SAM approach. For its synthesis, commerciallya vailable iodo hydroxyazobenzene 9 was reacted with dimethylthiocarbamoyl chloride and DABCO as an on-nucleophilic base to give 10 in av ery good 82 % yield. In the followingN ewman-Kwart rearrangement, the Sthiocarbamate 11 was formed under solvent-free conditions at 200 8Cina lmostquantitative yield (97 %).
In the penultimate step of the synthesis, the iodoazobenzene 11 was subjected to aS uzuki coupling with the literature-known boronic ester 12 [21] in order to introduce the a-d- mannopyranoside head group. This palladium-catalyzed reaction was performed in ab iphasic solvent mixturew ith tetrabutylammoniumb romide (TBABr)a sp hase-transfer catalyst and delivered the protected mannoside 13 in am oderate yield of 32 %. The final deprotection step under basic conditions removed the O-acetyl protecting groups and concomitantly delivered the free arylthiol to furnish the target molecule 14.
As an alternative to 14,h aving ab iphenyl spacer" above" the N=Ng roup, mannoside 20 was synthesized,i nw hich the biphenyl spaceri sp ositioned "below" the N=Nm oiety.T ot his end, the S-thiocarbamate 15 [22] and the mannosyloxyazobenzeneboronate ester 16 or 17,r espectively,w ere submitted to the Suzukir eaction to yield the desired cross-couplingp roducts, 18 and 19,r espectively,i nm oderate yields. The boronates bearing different sugar protecting groups wereo btained from the respective literature-known aryl iodides in high yields (see the Supporting Information). Our chosen synthetic route providesa dvantageous flexibility with respect to variation of the sugar head group.
The Newman-Kwart rearrangement delivered the target mannoside 20 bearing the free arylthiol group startingf rom the O-acetylated analogue 18.S ubjecting the O-allylated derivative 19 to the same reaction conditions gave 21 (Scheme 3). We were interested in investigating the influence of the sugar protecting groups on the photoswitchability of SAMSf abricated from these molecules. The OH-unprotected mannosides are rather hydrophilic in comparison to their protected analogues, and O-acetylation leads to more electron-deficient glycosides as opposed to their O-allylated analogues.
In order to modify SAMs formed from the p-mannosyloxy-p'phenyl-azobenzene derivative 20 as mixed SAMs,t he azobenzene derivative 27 was prepared as ap hotoswitchable diluent molecule (Scheme 4). When incorporated into SAMs, it can provide space for the mannoseh ead groups, while also engaging in p-p interactions in the backbone of the SAM.B ecause we were not satisfied with the yields obtainedf rom the Suzuki cross-coupling reactions, we tried variousc atalysts to improvet he yields of this coupling. For the synthesis of 24, bis(2-amino-4,6-dihydroxypyrimidine)palladium(II) diacetate was synthesized from palladium acetate [23] and used for the coupling of 22 and 23. [24] Indeed, this gave the biphenyl azobenzene 24 almostquantitatively. [25] Unfortunately,t he same catalyst and reaction conditions did not lead to improvement of the yields for the mannoside analogues( see Schemes2 and 3). Reaction of 24 with dimethylthiocarbamoyl chloride and sodium hydride gave the O-thiocarbamate 25,s ubsequent heating of whichf or 15 min at 270 8Ci naKugelrohr distillation apparatus gave the rearranged S-thiocarbamate 26 in good yield. In this case, the rear- rangements tep had to be carefully controlled as longerr eaction times resulted in low yields or even decomposition. As before,t he free SH group was furnished by treatment with an excess of KOH to give the diluent molecule 27,w hich could then be compared with commerciallya vailable 4-biphenylthiol (28)( see below).
Prior to SAM fabrication and investigation of their photoswitchability,t he switching properties of the synthesized compounds werei nvestigatedi nh omogeneous solution (see the Supporting Information). The photostationarys tates (PSS) and the half-lives associatedw ith the thermal cis-trans relaxation were determined by NMR spectroscopy (see Ta ble S12). As the investigated azobenzene derivatives are soluble in different solvents, the comparability of the results is somewhat limited, but clearly all of the tested compounds, 7, 8, 14, 20, 21 ,a nd 27,c an be reversibly photoswitched between their cis and trans forms in homogeneous solution.T he determinedh alflives of thermal cis!trans relaxation are in the usual range (12-15 h) , with the exception of those of 20 and 27,w hich exhibit faster cis!trans relaxation (half-lives < 2h).
Surfacespectroscopic investigation of the self-diluting glyco-SAMs
First, the concept of self-diluting SAMs was evaluated. To this end, the azobenzene mannoside 7 bearing the bulky TBDPS protecting group at C-6 was employed. An SAM of this molecule was deposited on Au(111)b yi mmersing ag old substrate in as olution of 7 in methanol. Ther esulting monolayer was investigated by means of ar ange of surface-spectroscopic and surface-analytical methods. For comparison, an SAM of the azobenzene mannoside 8,t he deprotected analogue of 7,w as also prepared and investigatedb yt he same methods.
X-ray photoelectron spectroscopy and near-edge X-ray absorptionfine structure spectroscopy
In order to check the integrity and purity of the adsorbed molecular layer of 7,X -ray photoelectrons pectroscopy (XPS) was employed. The resulting spectra are shown in Figure 3 . The C 1s region contains four different signals ( Figure 3a ). The main component at 284.7 eV (red) corresponds to the carbon atoms bound to other carbon,h ydrogen, silicon, and sulfur atoms. The second species(blue) at 285.3 eV is associated with carbon atoms bound to nitrogen atoms. The signals at higher binding energies (286.4 and 288.0 eV) correspondt oc arbon atoms bound to oxygen.O ft hese, the signal shown in green is assigned to the carbon atoms bound to only one oxygen atom, and the signal in orange to the anomeric carbon atom bound to two oxygen atoms. Importantly,t he relative contributions of the different speciesf it exactly to the ratio (75:5:18:2) derived from the chemical composition of the azobenzene mannoside.
In the N1 sr egion,o nly one signal at 399.5 eV is observed, which corresponds to the nitrogen atoms of the azo group (Figure 3b ). [6, 26, 27] The S2 pr egion, on the otherh and, shows a doublet at 161.9 and 163.1 eV (Figure 3c ). The binding energy and the splitting of 1.2 eV are characteristic of at hiolate moiety. [28] [29] [30] The presence of this species provest he covalent attachment of the molecules to the gold surface. The Si 2p region also features oned oublet (101.0 and 101.7 eV), which can be assigned to the silicon atom of the protecting group (Figure 3d ).
Further information on the constitution of the SAM of 7 on Au(111)w as provided by NEXAFSr ecorded at the carbon and nitrogen K-edges (see the SupportingI nformation,F igure S6). The nitrogen K-edge NEXAFS shows ac haracteristicr esonance at 399.1 eV.T he energy of this feature corresponds well to the N1 s-to-p*t ransition reported in the literature for azobenzene units. [27] Angle-dependent measurements (Supporting Information, Figure S6 ) show that the intensity of this resonance increasesf rom the 308 the 908 spectrum.T his allows determination of the orientation of the molecule on the surface. [27] The tilt angle a of the N1 s-to-p*t ransition dipole moment relative to the surfacen ormal was determined as 58 AE 28.S ince this transition dipole momenti sp erpendicular to the molecular axis for trans-azobenzene, the azobenzene shows am olecular tilt angle b of 32 AE 28 with respect to the surface normal (908Àa = b;s ee Figure 4 ). This is in good agreement with the tilt angles of other alkyl-SAMsr eported in the literature. [31] The carbon K-edge NEXAFS features severalr esonances.T he most prominent p*r esonance at 285.5 eV shows aw eak angulard ependence, its intensity decreasing at lower angles of incidence. This result is in accordance with the N-NEXAFS data( see the Supporting Information, Figure S6 ).
Infraredreflection absorption spectroscopy
The SAM of 7 (Figure5a) and its switching behavior were further investigated by means of infrared reflectiona bsorption spectroscopy (IRRAS). Intensities of around 10 À3 absorbance units are compatible with the formation of am onolayer on Au(111) ( Figure 5c ). [14] Notably,t he different relative intensities in the measured bulk and surfaceI Rs pectra,i np articular in the regions around1600 and 1200 cm À1 ,are caused by the surface selectionr ule. [32] Such differences give af irst indication of aw ell-organized monolayer and ap referredo rientation of the molecules on the surface.
The measuredI Rs pectra were compared to calculated bulk IR spectra in order to assign the bands to specific vibrational modes. The IRRA spectrumo f7-SAM features severals ignificant bands in the fingerprint region. The bands around 1600 cm À1 correspond to C aryl ÀC aryl stretching vibrations of the azobenzene unit. Ac ombinationo ft he N=Ns tretching and ar-omaticC ÀCs tretching vibrations is seen at 1498 cm À1 .T he most prominent vibration at 1247cm À1 can be assigned to the C aryl ÀOs tretching vibration of the glycosidico xygen. Importantly,t he transition dipole moment of this vibrational mode is parallel to the axis of the azobenzene unit in the trans state, thus showing the same orientation withr espectt os urface normal as the azobenzene unit in the SAM. Moreover, the orientation of this vibration changes during isomerization of the azobenzene N=Nd ouble bond.T his, in turn, directly influences the intensity of the band in the surface IR spectrum because of the surface selection rule. [32] The C aryl ÀOv ibrationi st hus well suited for monitoringt he cis/trans isomerization of the glyco-SAMs adsorbed on Au(111)t hrough IRRAS. [6] In order to detect the isomerization processw ith high sensitivity,P M-IRRAS (polarization-modulated IRRAS) in the spectral range of the C aryl ÀOvibration wasapplied. Due to the presence of as mall shoulder in the investigated IR band (C aryl ÀOs tretching vibration) at lower wavenumbers, the band was fitted with two Gaussians to determine the intensityo ft he pure C aryl ÀO band (see the Supporting Information, Figures S14-S19).T he second band corresponds to aC ÀHb ending vibration within the mannose moiety.T his vibration is ac ombination of different vibrational modes.M oreover,t he mannose moiety can rotate about the anomeric CÀOb ond. For this reason, the intensity of this band is barely affected by the isomerization process andc an be considered as constant. The change in the C aryl ÀOb ond orientation was calculated by geometry optimizations of the cis and trans isomers( see the Supporting Information, Figure S22 ). For the cis isomer,aCNNC angle (C aryl ÀN azo = N azo ÀC aryl )o f6 9.48 was obtained, as compared to 179.98 for the trans isomer.T hus, the CNNC angle change (g)a mountst o 110.58 during the isomerization reaction( see Figure 4 ), in good agreement with data on pure azobenzenes reported in the literature. [33] Nevertheless, only small changes (DI exp = 2%)o ft he C aryl ÀOs tretching intensityw ere observed upon irradiationo f 7-SAM adsorbed on gold with light of 365 nm (Figure 5d ;s ee the Supporting Information, Figure S16 ).
Utilizing the tilt angle b determined by NEXAFS, the angle f between the transition dipole momento ft he C aryl ÀOs tretch- ing vibration and the surfacen ormal can be determined. However,whereas for the trans form f trans = b,there are several possibilities for the cis form, that is, the azo group can isomerize towardst he surface ("into"t he SAM, A) or into ac onfiguration more parallel to the surface ("onto" the SAM, B; f(A) cis = 1808ÀgÀb, f(B) cis = gÀb;F igure4). Moreover,a ne qual distribution of all transition dipole orientations within these two extremes, that is, within acorrespondingcone aroundthe molecular axis, is theoretically possible (Figure 4c ). In this case, ar o-tationala veraging over all possible azimuthal angles hast ob e performed (seet he Experimental Section). Although, due to steric reasons, there may be ap referentialo rientation of the head group (e.g.,B )i nt he cis configurationo ft he investigated glyco-SAMs, this issue cannotb er esolved without further information.I nv iew of this situation, in Ta ble 1w ec ompare DI exp values based on IRRAS data with DI theo values obtained for orientations A( head group towards the surface), B( head group approximately parallel to the surface),a nd C( rotational Figure 5 . Vibrational data for compounds 7 and 8.a)Deprotection of the 7-SAM with KF leads to the 7-SAM deprot .b)This displayshows the reversibility of the cis/trans isomerization of the 7-SAM deprot by means of the C aryl ÀOs tretching intensity after irradiationw ith lighto f3 65 nm or 440 nm. c) The measured bulk IR spectrao fc ompound 7 before andafter deprotection( 8)a nd the IRRA spectrao fc ompound 7 in am onolayer on Au(111)b efore and after cleavage of the TBDPS group (7-SAM deprot ). d) Comparison of the switchingb ehaviorb efore (7-SAM,g ray) andafter (7-SAM deprot ,black) cleavageo fthe TBDPS group. 1) . Ta king the steric demandofthe TBDPS group into account, this result is consistent with previous studies [6] on pure glyco-SAMs. In order to increaset he free volumef or the trans!cis isomerization of surface-adsorbed compound 7,t he protecting group was cleaved off by immersing the functionalized substrate in as olutiono fp otassium fluoridei nm ethanolf or 2days (Figure 5a ). The resulting 7-SAM deprot (after on-surface cleavage of the TBDPS group) was again investigated by XPS, NEXAFS, and IRRAS to evaluatei ts switching behavior.E xcept for smallc hanges in intensity,t he surfaceI Rs pectrum,s hown in Figure 5c ,e xhibitedn os ignificant differences between the protected and deprotected SAMs of compound 7 on Au(111). This result is consistentwith the similarity of the bulk spectrum of 7 and the bulk spectrum of 8 obtained by deprotection of 7 in homogeneouss olution ( Figure 5c ).
In contrast to the vibrational spectra,t he XPS data (see the Supporting Information, FigureS1) clearly reflect the successful deprotection reaction on the surface, with the signal in the Si 2p region becomings ignificantly weaker.T hese data suggest that most of the TBDPSg roups were in fact cleavedb yt reatment of the functionalized substrate with potassium fluoride. At the same time, the SAM stayed intact according to the S2 p spectrum, which, even after on-SAM deprotection (see the Supporting Information, Figure S1 ), still prominently featured the peaks of the thiolate species. The orientation of 7-SAM deprot was again elucidated by NEXAFS. Remarkably,a fter the on-surface deprotection,t he tilt angle b wass till 33 AE 28 (DI theo = 69 %, based on orientation C), very similart ot he originalv alue (see the Supporting Information, Figure S12 ). This underscores the conformational stability of 7-SAM,which maintains its original orientation even after cleavage of its TBDPS groups.
After deprotection,t he intensity change due to the trans/cis isomerization increased significantly (DI exp = 5%;F igure 5b,d ). Based on the rotationally averaged cis configuration C, this intensity changei ndicates that 7% of the molecules on the surface switched to the cis isomer,c orresponding to an increase of the switchingc apability of more than 100 %w ith respectt o the original 7-SAM.T he performance of the self-diluting SAM was thus superior to results for alkyl-based glyco-SAMs, the maximum switching capacity of which (using ad iluent compound)w as determined as 4%. [6] From Figure 5b ,d ,i ti sa lso clear that the cis/trans isomerization was fully reversible.B ya lternating irradiation with light of 440 nm and 365 nm, it was possible to switch the glyco-SAM back and forth with ac onstant intensity change of DI exp = 5% (see the Supporting Information, Figure S17 ). Interestingly, if compound 7 was deprotected in solution ands ubsequently deposited on the surface, the resulting 8-SAM (deprotection in solution before surface deposition) showed only very weak changes (DI exp < 1%)i nt he intensity of the C aryl ÀOv ibration after irradiation with light of 365 nm (see the Supporting Information, Figure S20 ). This indicates that the improvement of the switching behavior was only observed when the TBDPS protecting group was cleaved on the surface, and underlines the feasibility of the self-dilution concept towards photoswitchable SAMs.
Surfacespectroscopic investigation of rigid glyco-SAMs
For the fabrication of rigid glyco-SAMs, the azobenzene mannosides 14, 20,a nd 21 were employed. They wered eposited on Au(111)f rom solutionsi nm ethanol/acetone (95:5), and the resultingm onolayers were investigated by means of XPS, NEXAFS, and IRRAS.
X-ray photoelectron spectroscopy
The XPS data of 20-SAM are shown in Figure 6 . The C1 ss pectrum ( Figure 6a )c omprises three different signals. The main component at 284.6 eV (59 %, red) can be assigned to aromatic carbon atoms boundt oe ach other or to sulfur.As maller signal at 285.5 eV (7 %, blue) corresponds to the carbon atoms bound to nitrogen. The third species( 29 %, green)a t2 86.5 eV can be ascribed to carbon atoms bound to oxygen. The anomericc arbon atom, which is bound to two oxygen atoms, contributes to af ourth signal at 288.0 eV (5 %, orange). Again, the relative fractionso ft he differents peciesf it well to the chemicalc omposition( 62:8:25:5) of compound 20.T he S2 p spectrum (Figure6b) features only one doublet at 162.0 and 163.3 eV (100 %, red), corresponding to at hiolates pecies. [28] [29] [30] Importantly,n od isulfide or other sulfur-containing impurities are detectable. This clearly reflectst he high purity of the SAM and furthermore provest he covalent attachment of the molecule to the surface. The N1 ss pectrum also shows only one component (100 %, blue) at 399.6 eV,w hich corresponds to the azo moiety of the 20-SAM (Figure 6c ). [6, 26, 27] In conclusion, the XP spectra confirm the presence of am onolayer of compound 20 (20-SAM)i nh igh purity.
Near-edge X-ray absorption fine structure spectroscopy NEXAFS spectra were measured at the carbon and nitrogen Kedges for monolayers of azobenzene mannoside 20 on Au(111) single crystals. The carbon K-edge spectrum,s hown in Figure 6d ,e xhibits ap rominent resonance at 285.4 eV,w hich can be assigned to a1 s!p*( LUMO) transition. This resonance displays ad ecreasing intensity from 908 to 308.T he second p* resonance is located at2 87.4 eV and the third at 298.7 eV,a nd these features show almostn oa ngular dependence. At higher energy (293.8 eV), several broadened s*r esonances can be observed.
The nitrogen K-edge NEXAFS in Figure 6e reveals one prominent resonance at 399.0 eV.T he energy of this feature again corresponds to the N1 s-to-p*t ransition reported in the literature for azobenzene units. [27] The differences pectrum (red) showst hat this transition exhibitsam arked angular dependence. The tilt angle b of compound 20 with respect to the surface normal amounts to 23 AE 68 (see the Supporting Information, Figure S12 ), in good agreement with results for other bi-phenyl-based SAMs reportedi nt he literature. [34] These results are in accordance with the carbon K-edge NEXAFS data.
Infraredreflection absorption spectroscopy
Besides XPS and NEXAFS, IRRAS was also employed to investigate compound 20 adsorbed as am onolayer on Au(111), in particulari ts switching properties. Intensities of around 10 À3 absorbance units again reflect the formation of am onolayer on Au(111) ( Figure 7a ). [14] The measured bulk IR and IRRA spectra closelyr esemble the calculated bulk IR spectrum. By reference to the calculated spectrum, the bands appearing in the measured spectra can be assigned to specific vibrational modes. The vibrational mode at 1600cm À1 in the IRRA spec- Figure 6 . XP spectraand normalized NEXAFSs pectraa tdifferent angles of 20-SAM adsorbedo nA u(111). The a) C1 s, b) S2 p, and c) N1 sr egionsare shown. The baseline is shown in black, the measured data are represented by black dots, and the fitted sum spectrum is illustrated by them agenta line. d) C K-edge, and e) N K-edge spectra are shown. The difference spectra (908-308)a re shown in red. trum corresponds to C aryl ÀC aryl stretching vibrations of the biphenylu nit. In the IRRA spectrum,t he bands at 1499 and 1477 cm À1 exhibit ad ifferent intensity ratio to that in the bulk IR spectrum due to the surface selection rule. [32] These bands can be assigned to N=Ns tretching and aromatic CÀCs tretching vibrations, respectively.
Av ery prominent C aryl ÀOs tretching vibration can be observed at 1242 cm À1 in the surfaceI Rs pectrum and at 1231 cm À1 in the bulk IR spectrum (Figure 7b ). In analogyt o the situation for 7-SAM described above,t his vibration is well suited for monitoring the cis/trans isomerizationo f20-SAM by PM-IRRAS. [6] The first measurement (gray in Figure 7c )s hows the spectrum of the unirradiated sample. After irradiation with light of 365 nm, the intensity of the C aryl ÀOv ibration decreased by DI exp = 27 %( red) (Figure 7d ). This reflects the trans!cis isomerization of the 20-SAM and the corresponding orientational change of the transition dipole moment of the C aryl ÀO stretch. The possible orientationso ft he C aryl ÀOs tretch in the cis isomer were determined in analogy to those in the azobenzene mannosides 7 and 8 with af lexible backbone( see above). Based on the rotationally averaged cis configuration C, ad ecrease of DI theo = 80 %o ft he C aryl ÀOi ntensityi sp redicted. From the observed intensity decrease,i tc an be concluded that more than one-third of the molecules (34 %) in the 20-SAM switch to the cis isomer (Table 1) . Remarkably,t herefore, the switching capacity of 20-SAM exceeds those obtained for SAMs formed from compounds 7 and 8 by almosto ne order of magnitude.
With av iew to switching cis-20-SAM back to the trans isomer,t he sample was irradiated with light of wavelength 440 nm. Surprisingly,h owever,n oi ncreasei nt he C aryl ÀO stretching intensity was observed ( Figure 7c,d ) . Thus, it was concluded that it is not possible to photochemically switch the SAM back to the trans configuration. However,a fter leaving the sample for 48 ha tr oom temperature under N 2 atmosphere, as light increase( + 8% intensity) of the C aryl ÀOb and could be observed, which we attributet oathermalr elaxation process.T his small amount of trans isomer could, in turn, be switched back to the cis state by irradiation with light of 365 nm.
The described results indicate ah igh thermals tabilityo fcis-20-SAM on Au(111). Since similarS AMsd evoid of as ugar head group show reversible cis/trans isomerization, [16] we assume intermolecular interactions within the SAM to be responsible for the observed behavior.H ydrogen bonds of the d-mannose head group of the SAM coulds tabilize the cis isomer on the surfacea nd prevent cis!trans back isomerization.I no rder to probe such an effect of the free hydroxy groups of the sugar ring, the O-allylateda nalogue of 20,m annoside 21 was employed and deposited on an Au(111)s urface from a1m m solution in methanol/acetone (95:5). The obtained film was investigated by XPS, NEXAFS, and IRRAS (see the Supporting Information, Figures S4, S10 , and S19), which againr evealed ah ighly pure and well-oriented monolayer of 21 on Au(111). The tilt angle b of the molecules within the 21-SAM was determined as 24 AE 58 (DI theo = 78 %b ased on the orientationally averaged cis configurationC), quite similart ot hat of the parent 20-SAM.
The switching properties of the 21-SAM were elucidated by PM-IRRAS, and the resulting spectra are shown in Figure 8a -c. Upon irradiation of the sample with light of 365 nm, the intensity of the C aryl ÀOs tretching vibration decreased by DI exp = 9%. Again, this intensity change can be attributed to the trans/cis isomerization of compound 21 adsorbed on the surface. After irradiation with light of 440 nm, the intensity increased once more. The switching capacity calculated on the basis of DI exp and DI theo amounted to 12 %. Consequently,t his process is reversible for 21-SAM (Figure 8a-c) , in contrast to the situation for the parent 20-SAM.H owever,t he intensity change is noticeably lower than that for the original 20-SAM.
From the described results, we conclude that the free OH groups of them annosideh ead groups of 20-SAM stabilizet he cis isomer on the surfacet hrough intermolecular hydrogen bonds, preventing the molecules from reverting to the trans state upon irradiation with light of 440 nm. Otherwise, when the hydroxy groups are protected, stabilization of the cis isomer by H-bonds is no longerp ossible and the switching process becomes reversible. On the other hand, the steric demand of the head group is drastically increased by four allyl protecting groups, which lowers the free volumew ithin the SAM. For this reason, the switchingc apacity of 21-SAM is distinctly lowered in comparison to that of 20-SAM.
In addition to the rigid p-mannosyloxy-p'-phenyl-azobenzene derivative 20 and its protected analogue 21,t he isomeric glycoazobenzene derivative 14 was tested,i nw hich the azobenzene moiety is shifted one phenylg roup further away from the sugar ring, leadingt oap-mannosyloxyphenyl-azobenzene structural motif (see Scheme 2) . Am onolayer of this molecule was deposited on gold and investigated by XPS, NEXAFS, and IRRAS as before (see the Supporting Information, FiguresS5, S11, and S21). The tilt angle of 14-SAM with respect to the surface normalw as determined as b = 29 AE 38 (DI theo = 73 %, based on configuration C). Upon irradiation with light of 365 nm and 440 nm, ar eversible change of DI exp = 5% could be observed for the C aryl ÀOs tretching vibration intensity,correspondingt oas witching capacity of 7% for 14-SAM.T his much lower value compared to those of 20-SAM (34 %) and 21-SAM (12 %) can be rationalized in terms of the large free volumer equired for reorientation of the mannosyloxybiphenyl moiety "above" the azo group as comparedt ot he shorter mannosylphenyl portion that terminates 20-SAM.T his result demonstrates that the biphenyl group should be placed below (and not above)t he azo function to obtain satisfactory switching behavior of the respective glyco-SAM on an Au(111)s urface.
Investigation of mixed rigid SAMs
In order to increase the lateral distance between the head groups and reduce their intermolecular interactions, 20-SAM was diluted with the azobenzene derivative 27 lacking the mannoseu nit. Mixed SAMsw ere fabricated by immersing the substrate in as olution containing both compounds, with the diluent molecule 27 and 20 in ar atio of 4:1, which was found to be optimal in our earlier studies with diluted SAMs. [6] More- Chem. Eur.J.2020, 26,485 -501 www.chemeurj.org over,i ti sk nown that the ratio of components assembled in an SAM is not necessarily the same as that in the solution used for immersion of the gold wafer. [10] To check the purity,c omposition, and orientation of the mixed 20,27-SAM,X PS and NEXAFS measurements were conducted (see the Supporting Information, Figures S2 and S8) . The compositioni nt he C1 sX Ps pectrum reflects a1:1 ratio of compounds 20 and 27 in the surface-adsorbed SAM. This is consistentw itht he observation that the intensity of the C aryl À Os tretching vibration in the surfaceI Rs pectrum is reduced by about 50 % ( Figure 7a ). The NEXAFS data for the 20,27-SAM and the pure 20-SAM are almost identical, because the most intense NEXAFS resonances originate from the benzene and azo units of the molecules. This suggestst hat the dilutiono f the SAM does not influence the orientation of the molecules.
The tilt angle b of the 20,27-SAM with respectt ot he surface normald etermined by NEXAFS was 22 AE 48 (DI theo = 80 %, based on orientation C). The IRRA spectrum of the mixed 20,27-SAM in Figure 7a still shows the same vibrations as seen for pure 20-SAM.T his is reasonable, because the structure of diluent molecule 27 is very similar to that of its glycosylated analogue 20.The C aryl ÀOs tretching vibration is still very prominent, but less intense than that for pure 20-SAM.I na ddition, a shoulder can be seen at 1215 cm À1 ,w hich can be assigned to aC ÀNs tretching vibration combined with aC aryl ÀC aryl stretching vibration of the azobenzene moiety in the diluent molecules.
In order to investigate the switching behavioro ft he mixed 20,27-SAM,P M-IRRAS was employed in the spectral region of the C aryl ÀOs tretch. After irradiation with light of 365 nm, the intensity of the C aryl ÀOs tretching mode decreased in the surface IR spectrum by DI exp = 38 %d ue to the trans/cis isomerization and the associated change in orientation with respect to the surface( see the Supporting Information, Figure S15 ). This corresponds to as witching capacity of 48 %, even larger than that observed for pure 20-SAM.T hati st os ay,n early half of the molecules (48 %) in 20,27-SAM were switchedf rom the trans to the cis state. Moreover,a ss hown in Figure 8d -f, this process was fully reversible. Thus, by dilution of 20-SAM with compound 27,areversible cis/trans isomerization of this glyco-SAM is enabled.
In af inal step, ad ifferent diluent compound to that in 20,27-SAM was employed, in order to probe the influence of the incorporated azobenzene unit (as in 27)o nt he switching properties of am ixed glyco-SAM. To this end, 4-biphenylthiol (28,s ee Scheme 4) was employed as an on-photoswitchable diluent molecule, and 20,28-SAM on Au(111)w as prepared. The sample was deposited from a1 m m solution of compounds 20 and 28 (1:4) in am ethanol/acetone mixture( 95:5). XPS, NEXAFS,a nd IRRAS data again proved that the SAM was of high purity and that the composition of 20,28-SAM was 1:1 (see the Supporting Information, Figures S3 and S9) . The orientation of 20,28-SAM was determined by NEXAFS.A t2 4 AE 38 (DI theo = 78 %, based on orientation C), the tilt angle is again very similar to that of 20-SAM (see the SupportingI nformation, Figure S12) . Figure 8g -i shows PM-IRRAS data for the 20,28-SAM.U pon irradiationo ft he sample with light of 365 nm, the intensity of the C aryl ÀOs tretching vibration decreasedb yDI exp = 18 %. Although this processp rovedt ob er eversible,t he switching behavior was significantly inferior to those than for pure 20-SAM and mixed 20,27-SAM.T hus, we concludet hat the azobenzene moiety is an essential part of the diluent molecule for obtaining efficient and reversible switching properties of the respective glyco-SAM.
Lectin bindingtests
For af irst biological evaluation of the effect of trans/cis isomerization of the new glyco-SAMs on carbohydrate recognition, the fluorescein-labeled lectin Concanavalin A( ConA-FITC) was used. This well-known lectin shows as trong specificity for a-dmannosyl residues, making it suitable for binding studies with our SAMs. Three different monolayers were selected for the tests, pure 20-SAM,w ithas witching capacity of 34 %( see Ta ble 1), its diluted version 20,27-SAM,w hich performed best among all of the investigatedS AMs with as witching capacity of 48 %, as well as 8-SAM,w hich showeda lmost no cis/trans isomerization on the surface. The respective SAMsw ere subdivided into two halvesa nd irradiated with light of 365 nm (to effect trans!cis isomerization)o r4 85 nm (to effect cis!trans isomerization). The wafersw ere then incubatedw ith ConA-FITC and, after washing, fluorescenceo ft he bound lectin was recorded (see the Supporting Information, Figure S84 ). Strikingly,l ectin binding to 20-SAM was reduced by 28 %a fter irradiation with light of 365 nm, whereas 20,27-SAM after the same trans!cis isomerization step showed 33 %reduced lectin binding compared to its trans state. These datap arallelt he deter-mined switching capacities of the SAMs (34 %a nd 48 %), but also show that additional effects besides trans!cis isomerization add to carbohydrate recognitiono nt he surface. This finding is not unexpected and might be interpreted in terms of the tetrameric nature of ConA at pH > 6. In line with the spectroscopic investigation, irradiationo f8-SAM had no significant effect on lectin binding. In future experiments, cis/trans isomerization of the hitherto availableg lyco-SAMs will be investigated in different biological systems to advance our understanding of the biological effect of carbohydrate ligand orientation on surfaces.
Conclusions
The switching capacity of glyco-SAMs is of fundamentali mportance for their biological function. Therefore, it has been our goal to design glycoazobenzene thiols for the fabrication of glyco-SAMs on Au(111)w ith high switchingc apacity.T ot his end, it was important to form stable SAMs and concomitantly providee nough free volume for the reversible cis/trans photoisomerization. We have varied key molecular parameters, in particularp rotecting groups on the sugar ring and backbone rigidity of the immobilizedm olecules, to investigate their influence on the physicochemical properties of the respective glyco-SAMs, most notably their switching behavior.
Six new azobenzene mannosides have been synthesized and characterized as bulk materials and in solution,w hereby all of them showed reversible cis/trans isomerization. They were then depositedo na nA u(111)s urface, and the composition and packing density of the formed SAMs were spectroscopically characterized through ac ombination of IRRAS and NEXAFS. XPS data were used to determine the chemical compositions of the SAMs and provedt heir high purities.I twas also possible to verify the deprotection" on SAM" by inspection of the Si 2p region of the XP spectrum.T he molecularo rientation of the SAMs with respect to the surface was determined by NEXAFS spectroscopy.F or the alkyl SAMs, at ilt angle b with respect to the surfacen ormalo f3 2-338 waso btained;f or the rigid SAMs, the tilt angle b was found to be in the range 22-248.B oth results are consistent with previouss tudies reported in the literature.
The switching behavior of the glyco-SAMs was investigated with the aid of IRRAS.B ased on the intensity change of the C aryl ÀOs tretching vibration upon cis/trans isomerization and the orientation of the molecules determined by NEXAFS, the switching capacities of the different glyco-SAMs were assessed. The approacho fs elf-dilution within the glyco-SAM leads to an improvement of the inherently low switching capacities by more than 100 %( 7-SAM:3%; 7-SAM deprot :7%). Much higher switching capacities couldb eo btained by using SAMs with rigid spacers.I np ure 20-SAM,3 4% of the molecules switched from trans to the cis isomer upon irradiation with light of 365 nm. However, 20-SAM could not be switched back to trans state by irradiation with light of 440 nm. Instead, only a slow thermal relaxation could be observed. By protecting the OH groups of the mannose moiety,t he reversibility of the cis/ trans isomerization was restored , albeit with loss of switching capacity. In contrast, diluting the rigid SAMs was found to both improve the switching capacity and enable reversible switching. In 20,27-SAM,a lmost half of the molecules underwent reversible trans/cis isomerization (48 %). These switching properties are unprecedented and mark significant progress in the field of photoswitchable glyco-SAMs. It was found to be necessary that the diluent compound also contains an azobenzene moiety,a tt he same position as in the glyco compound.O therwise, the switching capacity decreases sharply ( 20, 2 3%) . First lectin assays with ConA showedt hat the observed differences in lectin binding mirror the switching capacitieso ft he SAMs, butt hat the determined lectin binding differences are smaller than the cis/trans ratios of the investigatedS AMs.
In conclusion, this study provides new and detailed information aboutd ifferent approaches towards photoswitchable glyco-SAMs. Eventually,t hese surfaces will be employed to further improvet he photoswitchability of cell adhesion compared to already established systems [6, 7] and to advance our understanding of the underlying effects.
Experimental Section
General procedures Chemicals were purchased from Sigma-Aldrich, Acros Organics, or TCI and were used without further purification. Moisture-sensitive reactions were carried out in dry glassware under ap ositive pressure of nitrogen. Before adding tetrakis(triphenylphosphine)palladium(0), the reaction mixtures were degassed by three freezepump-thaw (F-P-T) cycles. Otherwise, flasks containing the reaction mixtures were sonicated in an ultrasonic bath for 10 min. Thinlayer chromatography was performed on silica gel plates (GF,2 54, Merck). Spots were visualized under UV light and/or by spraying with vanillin/10 %s ulfuric acid in ethanol followed by heat treatment. Flash chromatography was performed on silica gel 60 (Merck, 230-400 mesh, particle size 0.040-0.063 nm) using distilled solvents. Optical rotations were measured with aP erkin-Elmer 241 polarimeter (sodium d-line:5 89 nm, length of cell:1dm) in the noted solvents. 1 H, 13 C, and 11 BNMR spectra were recorded with Bruker DRX-500 and AV-600 spectrometers. Chemical shifts are reported relative to internal tetramethylsilane or the residual proton signal of the deuterated solvent. All NMR spectra of the E-isomers of the azobenzene derivatives were recorded after samples were kept for 16 hi nt he dark at 40 8C. IR spectra were measured on a Perkin-Elmer FTIR Paragon 1000 (ATR) or aP erkin-Elmer Lambda 650 spectrometer,a nd are reported in cm À1 .E lemental analyses were performed with aE uro EA 3000 from Euro Vektor and aV ario Micro cube from Elementar.T hermal cis/trans isomerization was assessed by recording 1 HNMR spectra on aB ruker ARX 300 spectrometer.
Gold substrates
Glass substrates with a5 0 titanium adlayer and a2 00 nm vapordeposited gold film from EMF Corporation (Ithaca, NY) were used for IRRAS measurements. XPS and NEXAFS measurements were made with sputtered Au(111)single crystals.
Preparation of monolayers
Monolayers of 7 and 8 were prepared by immersing Au(111)s ubstrates in 0.5 mm solutions of the respective compounds in methanol at room temperature. Monolayers of 14, 20, 21, 27 ,a nd 28,a s well as the respective mixed SAMs, were prepared by immersing Au(111)s ubstrates in 0.5 mm solutions of the respective compounds in methanol/acetone (95:5) at room temperature. After immersion for 48 h, the sample was removed from the solution, rinsed with methanol and acetone, and dried in as tream of nitrogen.
IRRAS
The surface-adsorbed molecules were investigated by means of a Bruker Vertex 70 FTIR spectrometer equipped with ap olarization modulation accessory (PMA) 50 unit (Bruker Optik GmbH, Ettlingen, Germany). This instrument allows the acquisition of IRRAS and PM-IRRAS data over the spectral range from 4000 to 800 cm À1 .I RRAS data were collected with al iquid-nitrogen-cooled MCT detector in ah orizontal reflection unit for grazing incidence (Bruker A518). The sample chamber was purged with dry nitrogen before and during measurements. Ad euterated hexadecane-thiol SAM on Au (111) was used as ar eference for the background spectrum for conventional IRRA spectra. Each spectrum was accumulated from 2048 averaged spectra. Ap -polarized beam at an incident angle of 808 to the surface normal was used for measurements. All spectra were recorded with 4cm À1 resolution. PM-IRRAS data for the switching experiments were collected with the PMA 50 accessory using al iquid-nitrogen-cooled MCT detector.T he PEM maximum efficiency was set for the half-wave at 1750 cm À1 for analysis of the area from 1400 to 1100 cm À1 .A ll spectra were recorded with 4cm À1 resolution. IRRAS and PM-IRRAS data were processed using OPUS software Version 6.5 (Bruker,G ermany). Baseline correction of the resulting IRRAS data was performed by the rubber band method in an interactive mode. PM-IRRAS data were processed by implicit removal of the Bessel function through manual baseline correction. For the trans/cis isomerization of different compounds adsorbed on Au(111), the prepared samples were irradiated within the spectrometer using an LED [Nichia NC4U133(T), peak wavelength: 365(AE 9) nm or 440(AE 5) nm, 1L ED, power dissipation:1 2W ,l uminous flux:1 0lm, distance % 5cm].T he sample was irradiated at the selected wavelength for 10 min.
Due to the small shoulder in the investigated IR band (C aryl ÀO stretching vibration) at lower wavenumbers, the band was fitted with two Gaussians to determine the intensity of the C aryl ÀOb and (see the Supporting Information, Figures S14-S19 ). The second band corresponds to aC ÀHb ending vibration within the mannose moiety.A st his vibration is ac ombination of different vibrations, and the mannose moiety can rotate about the C aryl ÀOb ond, the orientation of this vibration is barely affected by the isomerization process and could thus be neglected.
In order to calculate the expected intensity change DI theo ,d ifferent orientations of the cis isomer have to be taken into account, as the molecules within the SAM can rotate about their axes. The orientations A( head group downwards) and B( head group upwards) were calculated on the basis of the tilt angle b,w hich was obtained from NEXAFS data. Using Equations (1) and (2), the expected intensity change of the C aryl ÀOs tretch in the surface IR spectrum could be calculated: 
Since ad istribution of orientations of the head group, rather than one specific orientation, can be assumed within the glyco-SAM, another orientation was introduced, denoted as C. Orientation Cd escribes an averaging over all possible angles of the transition dipole moment of the C aryl ÀOs tretch. The averaged intensity of the cis isomer was calculated according to Equation (3): [35] I cis ¼ 1 3 1 2 3cos 2 b À 1 ðÞ 3cos 2 180 À g ðÞ À 1
where the angle g is that between the molecular axis and the transition dipole moment of the C aryl ÀOstretch in the cis isomer.
XPS and NEXAFS
XPS and NEXAFS measurements were performed at the BESSY II synchrotron radiation facility using the PREVAC endstation at the beamline HE-SGM. The experimental station is equipped with a hemispherical VG Scienta R3000 photoelectron analyzer.T he energy resolution E/DE of the beamline with 150 mm slits is 800. XP survey spectra were acquired at 700 eV photon energy using an analyzer pass energy of 100 eV,w hereas for the C1 s, Si 2p, and S 2p spectra the photon energy used was 350 eV with ap ass energy of 50 eV.F or N1 ss pectra, the photon energy was 500 eV with a pass energy of 50 eV. All spectra were acquired at normal electron emission. For determination of the relative composition of the adlayers, the XP spectra were energy-corrected using the Au 4f 7/2 line at ab inding energy of 84.0 eV as ar eference. Background correction was performed using ac ombination of aS hirley and al inear background for all signals. Peak fitting was performed using the program CASA XPS. The maximum deviation of full-width at half-maximum of the fitted Gaussian within as pectrum was set at 0.2 eV.T he fitting parameters are shown in Tables S1-S7 in the Supporting Information. All spectra were smoothed by the SG quadratic method (CASA XPS, smoothing width = 5) in order to improve the signal-to-noise ratio. Care was taken to ensure that this process did not alter the form of the spectrum.
To correct for the photon flux of the NEXAFS measurements, all spectra were modified by subtracting the spectrum obtained for a freshly sputtered clean gold substrate and then edge-step-normalized (using the average intensities for the CK -edge between 275 AE 0.5 eV and 320 AE 0.5 eV and for the NK -edge between 395 AE 0.5 eV and 420 AE 0.5 eV as pre-and post-edge). The normalized spectra were fitted by employing as tep function for the absorption edge and Gaussians for the p*a nd s*r esonances in order to determine the intensities Io fs pecific resonances. In all spectra, the width of the step function was set at 0.2 eV.T he series of spectra of as pecific sample measured at different angles of incidence were fitted with the same parameter set;t hat is, the energies of the resonances were allowed to vary at most by 0.2 eV and the half-widths at full-maximum by 0.3 eV,i na greement with the estimated experimental resolution. To determine the orientation of the molecular orbitals, the angular dependences of the intensities Io ft he p* resonances were finally fitted to model functions for the angular dependence (see the Supporting Information, Figure S12 ) according to Equation (4): [36] I ¼ AP cos 2 q 1 À 3 2
where A are the specific amplitudes of the resonances, P is the degree of polarization (0.91), q is the angle of incidence, and b is the tilt angle of the transition dipole moment of the molecule with respect to the surface normal. The specified errors for the tilt angles were derived from the fit.
Synthesis and analytical data of target molecules 6, 7, 13, 14, [18] [19] [20] [21] for all data, see the Supporting Information)
